Abstract-Combining optical injection and polarization-rotated optical feedback in a semiconductor laser can induce selfreferenced periodic output that is widely tunable by simply varying the dc-bias points of the system's master and slave lasers. We observed a feedback-induced reduction of the fundamental periodone oscillation linewidth by more than two orders of magnitude relative to the injection-only case. Performance was found to be negatively affected by the interference between the external injection signal and the residual feedback in the same polarization. The nonlinear dynamics of the optically injected semiconductor laser can be used to minimize sensitivity to fluctuations in the operating points. However, the use of the nonlinear dynamics at high oscillation frequencies is limited by the decreasing strength of the interaction between the circulating intracavity optical field and the carrier density.
I. INTRODUCTION
T HE nonlinear dynamics induced via the optical injection of a semiconductor laser offer a new path to improve the performance of low-noise photonic oscillators. Over a wide range of operating conditions, the injected optical signal perturbs the output of a slave laser so that it exhibits periodic dynamics instead of a steady-state output. Simply by controlling the operating points of the master and slave lasers, through the bias currents and operating temperatures that dictate the free-running offset frequencies and the relative injection power, the oscillation/pulsation frequency can be widely tuned over the microwave and millimeter-wave bands [1] . When the optical output is detected by a conventional high-speed photodiode, the generated photocurrent reproduces the high-frequency oscillation/pulsation. Fig. 1 shows a calculation of the oscillation frequency as a function of the injection strength and the frequency detuning of the master laser signal [2] . The range of period-one (P1) dynamics, oscillation at the fundamental resonance frequency of the dynamic system, is separated from stable locking by a Hopf bifurcation, and it surrounds regions of more complex periodic and aperiodic/chaotic dynamics. The figure shows curves of constant P1 frequency. Note that near the Hopf bifurcation there are ranges where these curves are parallel to the detuning axis, while for large positive offset frequencies they are essentially parallel to the injection strength axis. These conditions represent very different sensitivities to changes in the injection parameters.
Previous work demonstrated that optical injection can be used in combination with optoelectronic feedback for a novel photonic microwave oscillator [3] . When the optical injection induces the P1 oscillation, the feedback does not have to provide additional loop gain. It acts as the self-referencing input to narrow and stabilize the oscillation characteristics. Here, we combine optical injection with polarization-rotated optical feedback 2 . Schematic of the experimental apparatus. VOA, variable optical attenuator; PC, polarization controller; PD, photodiode. As depicted in the figure, the master and LO lasers were packaged with optical isolators while the slave laser had no isolator. The figure also identifies the propagation direction of the light within the setup using dashed arrows. The double-sided arrows and dots surrounded by circles represent the horizontal and vertical polarizations, respectively, and have been included to succinctly communicate the purpose of each component in the overall system.
to demonstrate an all-photonic variation. The optical injection induces a P1 periodic oscillation in the output of the slave laser, and simultaneously, the nonlinear gain characteristic of this laser also acts as a narrow-band microwave filter and feedback loop gain element. In a conventional semiconductor distributed feedback (DFB) laser, the orthogonally polarized modes have very different profiles with very different resonance frequencies and gain and loss characteristics. Rotating the polarization of part of the optical output and feeding it back into the slave laser along with the external injection effectively produce an optoelectronic feedback current which accompanies the optical injection, rather than a second optical injection into the oscillating mode. The feedback is now nonresonant with the optical cavity modes of the laser and primarily modifies the carrier density in the gain medium. This technique bypasses the losses, complexity, and amplifier 1/f-noise of the microwave circuit elements in a conventional optoelectronic oscillator (OEO) [4] while simultaneously being less sensitive to feedback path-length fluctuations relative to conventional optical feedback techniques. Fig. 2 is a schematic of the experimental layout that uses an existing apparatus [5] . All optical components are connected by single-mode, nonpolarization-preserving fiber. The lasers are single-mode DFB lasers oscillating at approximately 1557 nm. The free-running characteristics of the slave laser, as well as its nonlinear dynamics under optical injection, have been described previously [5] . The master laser is packaged with an optical isolator, and an optical circulator is used to further isolate the master laser from unwanted feedback. Both lasers are temperature stabilized, and modulation currents can be added to the dc-bias currents of either the master or the slave laser. The laser outputs are polarized, and fiber polarization rotators are used to adjust the polarization of the master laser to match that of the slave laser and to rotate the polarization of the feedback signal to be orthogonal to the oscillating intracavity field of the slave laser. The latter is accomplished by monitoring the output power spectrum of the slave laser without optical injection, and then adjusting the polarization of the feedback so that there is no evidence of external cavity modes in the microwave spectrum of a fast photodetector monitoring the output. An optional third DFB laser (labeled "LO laser" in Fig. 2 ) is used as a tunable local oscillator. Sweeping the optical frequency of this laser by varying its operating temperature and mixing its output field with the slave laser output generates low-resolution (∼100 MHz) optical spectra with the microwave spectrum analyzer [5] . Fig. 3 1 shows the typical spectrum of the photodiode signal around the P1 pulsation frequency with and without polarization-rotated optical feedback. Without feedback, the spectrum consists of a single, fairly broad feature with a fullwidth half-maximum (FWHM) of approximately 2 MHz. The feedback causes multiple peaks to appear, with a frequency separation determined by the round-trip feedback delay time. The delay time can be adjusted simply by changing the length of the fiber in the delay path. To date, the best spectrum had a central peak about 15-20 dB stronger than the side peaks, with details shown in Fig. 4 . The ∼15-kHz (FWHM) peak was more than two orders of magnitude narrower than that obtained by external injection only. This linewidth was dominated by jitter on time scales >10 ms. On longer time scales, the peak with the largest amplitude slowly hopped/shifted between 2-3 adjacent peaks during observation periods of up to several minutes. This instability is simply a reflection of the fact that the experimental apparatus was not systematically isolated from environmental changes in the room. In particular, effects due to optical path length changes in the feedback loop were observed, as discussed below. Since the long term stability of the apparatus was not optimized, it was not rigorously characterized. We observed that the amplitude of the total (external injection plus feedback) injected optical signal fluctuated slowly in time and determined that this was due to the interference between the injected master laser signal and the residual feedback signal in the same polarization. The slow phase fluctuations between master injection signal and feedback signal in the same polarization and at the same wavelength caused time-varying fluctuations in the output of the 2 × 2 fiber coupler used to combine these signals. Therefore, in our apparatus, there was residual feedback that remained in the original polarization at the point where the two optical signals were combined. The residual signal was enough to cause feedback amplitude fluctuations of 5-10%, though this depended on the specific injection amplitude of the master laser and that of the feedback signal.
II. EXPERIMENTAL APPARATUS AND MEASUREMENTS
To determine the relative importance of the residual feedback coherently interfering with the injected signal from the master laser, we substituted optoelectronic feedback for the polarization-rotated feedback. A second fast photodiode (not shown in Fig. 2 ) was used to convert the optical output from the slave laser into a modulation current that was fed back to the slave laser along with the dc bias through the bias tee depicted Power spectrum of the photodetector signal for a laser operated at the point of low sensitivity to fluctuations and subject to OEF (dashed green traces). This spectrum, centered at 5.94 GHz and taken with a 30-kHz RBW, is similar to that obtained in Fig. 5 . Here, it is compared to the spectrum obtained under IL only (dotted black traces).
in Fig. 2 . Fig. 5 shows the resulting spectrum of the laser under simultaneous optical injection and optoelectronic feedback. In Fig. 6 , for a direct comparison, the central peak of the optically injected laser with optoelectronic feedback and the same optically injected laser with polarization-rotated optical feedback are shown. The former peak in Fig. 6 was distinctly narrower, though jitter continued to dominate the spectral width, and the hopping between peaks was similar.
The jitter could be due to relative fluctuations in the operating points of the two lasers. By making use of the varying nonlinear dynamics, we were able to isolate the key source of jitter as amplitude fluctuations of the injected signal from the master laser into the oscillating mode of the slave laser. Recall that in Fig. 1 , there are operating points where the pulsation frequency is insensitive to changes in the detuning of the master laser. By observing changes in the amplitude of a modulation current added to the slave laser, we found that these points were relatively insensitive to slave laser current fluctuations [6] . We next investigated the use of feedback at a low-sensitivity operating point to see if the special features described previously remained when the configuration was modified by the addition of optoelectronic or polarization-rotated feedback. Optoelectronic feedback provided the best performance for frequencies less than the 8-GHz bandwidth of the photodetector; therefore, we biased the slave laser at approximately 12 mA to produce a P1 oscillation/pulsation frequency at about 6 GHz. Fig. 7 shows the change to the overall spectral feature with the addition of the feedback. The spectrum looks similar to that seen at an operating point away from the low-sensitivity operating point. However, a more detailed look at the individual peaks of the spectrum with optoelectronic feedback showed that the reduced sensitivity to current fluctuations in the slave laser remained. Fig. 8 shows the reduction of the noise pick-up sidebands when the laser was operated at the reduced-sensitivity operating point verifying that the sideband reduction occurs for much lower frequencies than could be measured without feedback. Similarly, with polarization-rotated optical feedback, the spectra seen at and away from the low-sensitivity operating point showed the same corresponding behavior, as can be seen in Fig. 9 . Note that the noise pick-up sidebands about each peak are reduced and the sideband features due to the round-trip delay are also weaker. However, the overall jitter due to the fluctuations of the injected signal at the slave laser polarization remained. Finally, we combined polarization-rotated optical feedback with optoelectronic feedback. The polarization-rotated feedback was on the shorter feedback path and was the dominant feedback strength because we operated the laser at a higher P1 frequency point. Fig. 10 shows the power spectrum of the photodetector signal. There are features separated by the 20-MHz frequency spacing determined by the polarization-rotated feedback loop (∼10 m of fiber). These features are themselves composed of features separated by the 1-MHz frequency spacing determined by the longer delay of the optoelectronic feedback loop (∼200 m of fiber). The dominant central peak has a width of less than 3 kHz, as shown in Fig. 11 , but the overall stability of the configuration is still degraded by the amplitude jitter due to interference between the externally injected signal and the residual optical feedback in the original polarization direction.
At higher pulsation frequencies, beyond the 8-GHz bandwidth of the photodiodes used in this experiment, we observed superior performance of the polarization-rotated optical feedback relative to the optoelectronic feedback. Fig. 12 shows the relative performance of the polarization-rotated optical feedback compared to the optoelectronic feedback when the pulsation frequency is increased to nearly 20 GHz. The shift in the polarization-rotated peak is due to the drift during the experiment. While superior to the optoelectronic feedback when circuit losses become important, the polarization-rotated optical feedback is not as effective at the higher frequencies as it is at lower frequencies.
III. DISCUSSION
The drop in effectiveness of polarization-rotated optical feedback in reducing the P1 oscillation/pulsation linewidth at high frequencies can be understood by examining the coupledequation model for the circulating field amplitude and carrier density. This model has been successfully used to model the nonlinear dynamics of the optically injected semiconductor laser [1] , [5] . If we assume that the optical spectrum is dominated by two strong optical frequency components [7] for large P1 frequencies, as has been previously observed, then the resulting leading-order terms for the normalized optical field,(1 + a)e iφ and carrier densityñ can be cast in the form where the normalization is with respect to the free-running values, Ω 1 is the pulsation frequency, γ s is the carrier decay rate, γ n is the differential gain rate, andJ is the normalized pump parameter, which is the difference between the slave laser bias current and the threshold current, divided by the threshold current. We are taking γ n /Ω 1 as the smallness parameter, with the observation that the solutions of interest have Ω 1 equal to or greater than the free-running relaxation resonance frequency, which is typically much larger than the differential gain rate. The key point is that the P1 oscillation term in the carrier equation scales with the smallness parameter. As Ω 1 increases, the optical power fluctuations have a weaker influence on the carrier density, and thus, there is a weaker coupling of the polarizationrotated optical feedback to the laser mode. This analysis is further supported by numerical calculations of the full nonlinear coupled-equation model of the system [2] . We looked at the modulation characteristics of the gain medium as the P1 oscillation/pulsation frequency is changed by varying the master laser offset or the injection signal strength. The calculations were made using the parameters for the P1 mapping of Fig. 1 . The results are summarized in Figs. 13 and 14. In Fig. 13(a) and (c), the strength of the injected optical signal is varied, with the offset between master and slave laser held fixed at 10 GHz. The injection parameter is ξ = η γ c a i , where η is the injection rate, γ c is the cavity photon decay rate, and a i is the injection amplitude normalized to the amplitude of the free-running laser. Fig. 13(a) shows the changes in their respective peak-to-peak variations of the intensity and the carrier density, both normalized with respect to the free-running values, while Fig. 13(c) shows the changes to the P1 frequency. In Fig. 13(b) and (d) , the offset frequency between the master and the slave laser is varied, while the injection parameter is fixed at 0.05. The changes to the optical and carrier amplitudes and P1 frequencies depend on the specific parameter change.
Recall that the two-frequency solution for the carrier density (2) predicts that the carrier density should scale inversely with Fig. 14. Calculated dependence of the ratio of the normalized peak-to-peak carrier oscillations to normalized peak-to-peak intensity oscillations as a function of the P1 frequency. Two sets of data are shown with the injection parameter varied in the one (solid red traces) and the offset frequency varied in the another (dashed blue traces). Also shown for comparison are best fit power-law trendlines that are close to an inverse dependence for the calculated curves (solid black traces).
the P1 frequency for a given intensity level. Therefore, we replot the data from Fig. 13 making the P1 frequency the independent variable and normalizing the carrier density peak changes to the intensity peak changes. The resulting calculated data are shown in Fig. 14 , along with calculated power-law trendlines. All data now closely approximate the predicted inverse dependence. As the P1 frequency increases, the carriers play a less influential role in the nonlinear dynamics, though there is no strict threshold that marks a transition as is the case with the Hopf bifurcation. When the carrier dynamics are insignificant, the external optical injection leads primarily to a shift in the laser cavity resonance frequency and regenerative amplification of the injected optical signal. Both optoelectronic and polarization-rotated feedback, each of which operates through the carrier density, are less influential at high P1 frequencies due to the reduced response of the carriers.
IV. CONCLUSION
In conclusion, polarization-rotated optical feedback provides a self-referencing signal to stabilize the tunable P1 oscillations of a semiconductor laser subject to external optical injection. Nonlinear dynamics generate operating conditions where the P1 frequency exhibits reduced sensitivity to fluctuations of master and slave laser operating points. Residual optical feedback in the original polarization induces amplitude jitter due to interference with master laser injection in our fiber-coupled system. Investigations are underway to control these fluctuations for improved performance. 
